When applied extracellularly in the micromolar range, ATP and related compounds induced a positive inotropy in the rat papillary muscle. This was also true in the rat auricle after pertussis toxin treatment. Then, in both tissues, ATP further increased the contraction after a maximal ,-adrenergic stimulation. The increase in contractile force could be related to the increase in the calcium current. The L-type calcium current was measured by whole-cell patch-clamp recording in single cells isolated from the rat ventricle after the sodium and potassium currents were inhibited by tetrodotoxin and cesium, respectively. When added alone, 10 uM ATP increased the calcium current by 60%o. Adenosine 5'-0-(3-thiotriphosphate) was also able to increase calcium current. Adenosine was much less effective, and GTP, UTP, CTP, and ITP were without effect. A similar increase in calcium current was observed when ATP was added in addition to a maximal stimulation by a (8-adrenergic agonist or after internal perfusion with cyclic AMP. However, this increase was preceded by a transient decrease whose origin could not be attributed to a P,-purinergic agonistic effect of ATP. The transient decrease was not elicited by adenosine or in a magnesium-free HEPES solution and was not suppressed after pertussis toxin treatment. This effect appeared related to the variations in the holding current also observed upon ATP application. Together with vasodilatation, ATP and adenine compounds induced positive inotropy. The latter effect could be attributed in part to the increase in calcium current and was independent of cyclic AMP. Both effects are complementary with the /3-adrenergic stimulation and can help healthy cells to compensate the failing zone from which ATP could be released. (Circulation Research 1990;67:1007-1016 T he force of myocardial contraction is markedly modulated by catecholamines. After 13-adrenergic stimulation, cyclic AMP (cAMP) accumulates and activates protein kinase A, which phosphorylates several proteins involved in excitationcontraction coupling. ATP and other adenine compounds are often associated with sympathomimetic amines in nerve terminals1"2 and may be released in the coronary circulation from hypoxic myocardium, aggregating platelets, and damaged vessel walls. In the present study on the rat heart, we show that ATP can increase the force of ventricular prepara-
T he force of myocardial contraction is markedly modulated by catecholamines. After 13-adrenergic stimulation, cyclic AMP (cAMP) accumulates and activates protein kinase A, which phosphorylates several proteins involved in excitationcontraction coupling. ATP and other adenine compounds are often associated with sympathomimetic amines in nerve terminals1"2 and may be released in the coronary circulation from hypoxic myocardium, aggregating platelets, and damaged vessel walls. 3 The existence of cell surface adenosine receptors was first observed in guinea pig atrial muscles4 and confirmed in crude membrane fractions prepared from dog ventricles.5 P1-purinergic receptors are most sensitive to adenosine and can be blocked by methylxanthines6; their occupation leads to changes in cAMP level only if this level has been previously increased by 13-adrenergic stimulation.7 P2-purinergic receptors are most sensitive to ATP; they can be selectively acti-vated by a,/3-methylene ATP, a slowly degradable analogue. 8 Recent studies suggest that in the rat heart extracellular ATP activates phosphoinositide breakdown and inositol 1,4,5-trisphosphate formation,9 as in other cells, such as hepatocytes10 and rat aortic myocytes."1 The external application of ATP also induces an increase in intracellular free calcium concentration in all cell types investigated, including rat ventricular myocytes. [12] [13] [14] In mammals, adenine compounds were generally reported to have both negative chronotropic and inotropic effects, particularly in the auricle.8 '15"16 These effects could be related to P,-purinergic receptor stimulation. They are similar to the effects of acetylcholine and could be mediated by an increase in potassium current17 and a slight decrease in calcium current (IC).18 A few studies91419 report a positive inotropy in mammal ventricular preparations. This could be related to the fact that ATP enhances cytosolic calcium in rat cells12"4 and facilitates slow action potentials in guinea pig hearts. 20 However, in the guinea pig, adenosine altered Ic, in ventricular myocytes only after f3-adrenergic stimulation21 and reduced it in atrial cells.18
In the present study on the rat heart, we show that ATP can increase the force of ventricular prepara-tions. This is consequent, at least in part, to an increase in the ICa. Such an increase is additive to the one induced by p-adrenergic stimulation. The negative effects of ATP in the auricle are due to stimulation of the P1-purinergic receptors; they can be reversed after pertussis toxin (PTX) treatment.
Materials and Methods

Mechanical Measurements
Female Wistar rats (generally 250-280 g) were anesthetized with urethane. After quickly removing the heart, thin right papillary muscles and left auricular strips were isolated in a low Ca21 (0.45 mM) Krebs' solution and mounted between two stainlesssteel hooks, one of them being connected to a transducer (AME Corp., Horten, Norway). The isometric mechanical activity was displayed on a pen recorder (Gould, Ballainvilliers, France). The 7.4) . These cells were used within 10 hours of isolation.
Solutions. The cells in a tissue culture dish were superfused by gravity with solution containing (mM) CsCl 20, NaCl 117, CaCl2 1.8, MgCl2 1.7, glucose 10, and HEPES 10; pH was adjusted to 7.4 with NaOH at 20°C. The solution was gassed with 100% 02 before the experiments. After a cell had been sealed to the electrode, it was exposed to different extracellular solutions by positioning it at the extremity of one of six capillaries. From these capillaries flowed either the solution described above, to which 50 ,uM tetrodotoxin was added to block the sodium current, or the latter solution, which contained the substances to be tested. Such a system allowed rapid changes of solutions (.4 seconds).
The internal solution in the patch electrode (0.6-1.2 MQl) contained (mM) CsCl 120, MgCl2 4, Na2ATP 5, Na2-creatine phosphate 5, Na2GTP 0. 4 1. Tracings showing comparative effects ofATP on the mechanical activity of a papillary muscle (panels A and B) and an auricular strip (panels C-F) isolated from a rat heart in control (left tracings) and after (-adrenergic stimulation (right tracings). The extemally appliedATP concentration was 100 MM. Isoproterenol (ISO) was used at 0.5 pM (panels B, D, and F) and 8-phenyltheophylline at 10 PiM (panels E and F); the latter was applied at least 10 minutes before the application ofATP. Stimulation frequency, 1 Hz.
hours before study) with 150 gg/kg PTX (Sigma).
Some controls were injected with vehicle alone. It has been checked on sodium dodecyl sulfate-polyacrylamide gel that crude membrane fractions of hearts from PTX-treated rats had 70% fewer ADP-ribosylation sites available than nonpretreated controls (D. Renard and J. Poggioli, personal communication).
Results
Effect ofATP on Mechanical Activity
The effects of ATP on the isometric force developed by rat auricular strips and thin papillary muscles in different experimental conditions are shown in Figure 1 . As we have previously reported,9 ATP in the micromolar range has a positive inotropic effect on papillary muscle ( Figure 1A ), compared with the well-known negative effect of purinergic stimulation in the auricle ( Figure 1C) . A small positive effect of ATP can still be observed even if the papillary muscle has been previously submitted to a maximally active f3-adrenergic stimulation ( Figure 1B ). However, in the auricle, the same ATP concentration (100 ,uM) markedly reduced the positive inotropic effect induced by isoproterenol ( Figure 1D ). In the presence or the absence of isoproterenol, the negative effects of ATP on the auricle were noticeably antag-'SO FIGURE 2. Tracings showing comparative effects of 100 pM ATP on the mechanical activity of a papillary muscle (panel A) and an auricular strip (panel B) isolated from a pertussis toxin-treated rat heart in control and after 3-adrenergic stimulation by 0.5 pM isoproterenol (ISO). Stimulation frequency, 1 Hz.
onized by pretreatment with 10 ,M 8-PT, a competitive inhibitor of P1-receptors ( Figure 1 , panels E and F). On average, 100 ,uM ATP significantly reduced force by 35+±-1% and 36+3% in the auricle before and during j-adrenergic stimulation, respectively (n=6,p<0.01). In the presence of 8-PT, these effects were significantly less (15±3% and 18±2%) (n=5, p<0.01). These negative effects can thus be attributed mostly to the P1-purinergic stimulation. They are not the consequence of a fast degradation of ATP to adenosine. In the presence of adenosine deaminase (5 units/ml), the negative effects of ATP on auricular strips, whether or not they were previously stimulated by isoproterenol, were still observed, and those of adenosine were prevented (not shown) (n =5).
On the other hand, when preparations were taken from a rat that had been injected for 20 hours with PTX, the effects of ATP on ventricular and auricular preparations were very similar. In both preparations, 100 uM ATP had a positive effect even in the presence of a maximally active dose of isoproterenol ( Figure 2 ( Figure 5B) (n=4). The increase in 'Ca induced by 10 ,uM ATP appeared dependent on the membrane potential. Figure 6A shows, at different membrane potentials, Ilc averaged from five cells expressed as current density relative to the membrane capacity in control conditions and after at least 5 minutes in the presence of 10 ,M ATP. The relative increase in current was significant between -25 mV and +40 mV. The inactivation curves established from the same cells by a standard two-pulse protocol were also significantly shifted by 7.2+ 1.0 mV (n=5) toward hyperpolarized potentials after the addition of ATP ( Figure 6B (Table 2 ). To ensure that this effect was not linked to the production of cAMP under further activation of adenylate cyclase or inhibition of phosphodiesterase by ATP, cells were perfused with 50 (or 100) ,uM cAMP via the patch electrode; under these conditions, 10 ,uM ATP further increased Ilc (n=5). To check good perfusion of cAMP into the cells, 1 ,uM isoproterenol and 100 ,uM IBMX, or 50 ,uM forskolin and 100 ,M IBMX were applied to five other cells. Figure 7B shows the effects of ATP after successive applications of isoproterenol and IBMX on a cell that was already perfused with a cAMPcontaining internal solution. Although isoproterenol alone or in the presence of IBMX did not alter the cAMP-stimulated ICa, the subsequent addition of ATP markedly increased it, after a transient negative effect. Under these conditions, the mean increase in JCa amplitude was 19.3+5.2% (n = 10, relative to the stimulated Ic).
The small transient negative effect of ATP on the basal lc amplitude and the larger decrease after f3-adrenergic stimulation could be attributed, at first sight, to the stimulation of P1-purinergic receptors. However, adenosine, which is a better P1-purinergic agonist, did not share this behavior ( Figure 7A) . Moreover, the addition of 100 ,uM IBMX, a blocker of the Pi-purinergic receptors and an inhibitor of the high affinity cAMP phosphodiesterase isolated from rat heart,29 did not prevent any of the effects of ATP ( Figure 7B ). Similar absence of effects of P1-purinoceptor inhibition was obtained in two experiments using 10 ,uM 8-PT (not shown). This biphasic effect of ATP could be due to the fact that the inhibitory phase is transitory or that the stimulatory phase is more potent and developed slowly. Figure  8A shows that a prior application of 10 ,uM ATP, which rapidly enhanced Ic, did not prevent or delay Ic.=Afe-t"+Ase-tln+A , where Af, As, and A,S are the amplitudes of the fast, slow, and steady-state components, respectively, rf and ;, are the time constants of the fast and slow components, respectively, and t is time.
*p'0.01 significantly different from control. Figure 8B shows the effects of ATP in a magnesium-free solution in which there is no transient change in holding current (see Figure 5B) (Figure 9 ).
Discussion
The results described in this paper show that in isolated rat ventricular cells ATP enhances the Ltype calcium current. This effect is mediated by P2-purinergic stimulation and seems independent of the AMP pathway. Such an ATP-induced increase in 1Ca can account in part for the positive inotropic effect generally observed in ventricular preparations and in auricular strips after they have been treated with PTX.
Calcium channels are modulated by various neurotransmitters. Thus, adenosine was reported to reduce basal Ic, in chick sensory neurons30 and in atrial guinea pig cells.18 However, extracellular ATP in the micromolar range increases 1Ca in snail neurones31 and in the frog heart.32,33 In the present study on ventricular rat cells, we demonstrate that ATP and, to a much lesser extent, adenosine increase 1Ca. This effect is related to P2-purinergic stimulation since ATP and ATPYS were more efficient than adenosine (GTP, UTP, CTP, and ITP had no effect); this effect was also not altered by 8 Adenylate cyclase-coupled P,-purinergic receptors were described in rat ventricular cardiomyocytes. 46 However, there was no clear evidence for Plpurinergic inhibition of adenylate cyclase activity in our experimental conditions. This results from the fact that we used a supramaximal concentration of isoproterenol. Like others, we observed a decrease in /3-adrenergic-stimulated ICa by adenosine when isoproterenol concentration was below 10 nM. Basal as well as :-stimulated mechanical activities were increased by ATP at up to 100 ,uM ( Figure 1 ) and were unaffected by adenosine as noted by the present study and that of others.8 On isolated cells, the transient decrease in ICa that was particularly evident after ,B-adrenergic stimulation could not also be attributed to a Pi-purinergic effect. Indeed, these effects were triggered by MgATP only and not by adenosine or ATP in the absence of magnesium.
Furthermore, neither P1-purinergic antagonists nor inhibition of the guanine inhibitory regulatory proteins by PTX alter the positive effects of ATP on ICa.
Although ,Ca was transiently decreased, no noticeable transient decrease in force was observed on ATP application both on control and j3-adrenergicstimulated ventricular strips. This should be related to the fact that ATP, in the presence of magnesium but not in its absence (M. Puceat, 0. Clement, F. Scamps, and G. Vassort, unpublished results), triggers a transient large increase in intracellular calcium, which later stabilizes at a lower value.2"13 Also, we have noticed that the change in holding current and the initial reduction of 'Ca require ATP to be applied stepwise, as is generally the case under our experimental conditions during whole-cell patchclamp recording. Such fast solution changes around each cell of the papillary muscles were not possible. The transient variations in currents as well as the leftward shift of the availability curves induced by ATP ( Figure 6 ) might be also attributed to the increase in intracellular calcium. This increase would modify surface charges and alter the local membrane voltage. Furthermore, the transient decrease in ICa associated with a faster inactivation could also be attributed to calcium-dependent calcium inactivation as generally reported in cardiac cells. This effect of ATP is more marked after ,B-adrenergic stimulation because relatively more sites could be dephosphorylated by the calcium-activated phosphatase. 47 Action potential time course is barely altered,9
although ICa was markedly increased after P2-purinergic stimulation. This could be the consequence of the simultaneous increase in outward currents. Besides the increase in potassium currents,17 another candidate (Figure 3 ) could be the 
